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Cells coordinate their metabolism based on various factors, for example nitrogen 
availability. The TOR pathway is an important regulator of nitrogen metabolism, it has a role 
in sensing intracellular amino acids status, and it controls especially cell growth, protein 
synthesis, proliferation and cell survival. However, it has been shown that the TOR pathway 
also controls lipid biosynthesis and lipid accumulation through various mechanisms in response 
to nitrogen availability. Although the TOR pathway is well conserved among the eukaryotic 
organisms, its outcomes differ diametrically when it comes to the lipid accumulation. This essay 
provides some insides into the mechanisms of  regulation of the lipid metabolism by the TOR 
pathway. 
 
Keywords: nitrogen metabolism, lipid metabolism, TOR pathway, eukaryotic organisms, 
rapamycin, lipid accumulation 
 
Abstrakt 
Buňky musí koordinovat množství různých signálů, například dostupnost dusíku, a na 
základě toho uzpůsobovat svůj metabolismus. Signální dráha TOR patří mezi důležité regulační 
mechanismy metabolismu dusíku. Na základě intracelulární dostupnosti aminokyselin řídí 
především buněčný růst, syntézu proteinů, proliferaci a přežití buňky. Dále bylo zjištěno, že 
různými mechanismy řídí také biosyntézu a akumulaci lipidů, a to v reakci na dostupnost 
dusíku. Přestože je dráha TOR u eukaryotických organismů dobře konzervovaná, účinky její 
regulace se diametrálně liší, co se akumulace lipidů týče. Tato práce představuje některé 
mechanismy, kterými dráha TOR reguluje metabolismus lipidů. 
 
Klíčová slova: metabolismus dusíku, metabolismus lipidů, dráha TOR, eukaryotické 








2. List of abbreviations 
FFA    free fatty acid 
LD    lipid droplets 
LDL    low density lipoprotein 
NCR    nitrogen catabolite repression 
SE    sterol esters 
SPS sensor system   Ssy1-Ptr3-Ssy5 signalling sensor system 
TAG    triacylglycerols 

























For the survival of the cell it is necessary to manage and coordinate numerous signals, 
for example the nitrogen availability. Nitrogen metabolism is fundamental for supplying energy 
metabolism and producing cellular components such as proteins, amino acids, nucleotides and 
other nitrogenous compounds, thus it must be precisely regulated. Pathways involved in the 
nitrogen metabolism coordinate various catabolic and anabolic processes. Among these 
pathways belong the Ssy1-Ptr3-Ssy5 signalling sensor system (SPS sensor system), the target 
of rapamycin (TOR) regulatory pathway, nitrogen catabolite repression (NCR), and the general 
amino acid control (GAAC) pathway. NCR controls utilization of preferable nitrogen sources, 
while the TOR pathway is responsible for sensing intracellular amino acids (Zhang et al., 2018) 
Along with establishing cellular homeostasis, lipids also have important structural, 
signalling and biosynthetic roles in an organism (Muro et al., 2014). Lipid metabolism is 
dependent on the availability of nutrients, such as carbohydrates, phosphorus, and amino acids. 
Based on that, cell either upregulates lipid biosynthesis and begins to accumulate lipids or shifts 
to catabolic processes like lipolysis and beta-oxidation. Storage of lipids according to nutrient 
availability is a key mechanism for survival of an organism during starvation. Lipids are 
accumulated either inside cell, or in blood plasma (Caron et al., 2015; Dzurendova et al., 2020; 
Saponaro et al., 2015). 
It is becoming increasingly clear, that the TOR pathway plays an important intermediate 
between the nitrogen and the lipid metabolism. Based on the nitrogen levels, the TOR pathway 
regulates lipid metabolism through various mechanisms (Laplante et al., 2009). The TOR 
pathway is also associated with many diseases, such as obesity, type 2 diabetes, cancer, and 
neurological diseases, so it is extremely important to study its effects (Mao & Zhang, 2018). 
 
4. The TOR pathway 
The target of rapamycin is a highly conserved serine/threonine kinase and part of the 
phosphatidylinositol 3-kinase-related kinases family, with multiple regulatory functions in cell 
cycle and metabolism. The TOR pathway regulates proliferation, growth, autophagy and 
survival of the eukaryotic cell. In favourable conditions is the TOR pathway activated and 
promotes cell growth. There are two TOR complexes – TOR complex 1 (TORC1) and TOR 
complex 2 (TORC2) (Caron et al., 2015; Laplante et al., 2009). The composition of these 
complexes differs between organisms, containing some homologous and some organism-
specific proteins (Cybulski & Hall, 2009a; Loewith & Hall, 2011). Saccharomyces cerevisiae 
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TORC1 consists of TOR, Lst8, Kog1 and yeast-specific Tco89. Mechanistic/mammalian 
TORC1 consists of mechanistic TOR (mTOR), mLST8, RAPTOR and vertebrate-specific 
DEPTOR. TOR is a homologue of mTOR, Lst8 is homologous with mLst8 and Kog1 with 
RAPTOR. S. cerevisiae TORC2 comprises TOR, Lst8, Avo3, Avo1, Bit61, Bit2, yeast-specific 
Avo2; mTORC2 comprises mTOR, mLST8, RICTOR, mSIN1, PROTOR-1, PROTOR-2 and 
DEPTOR. Yeast Avo3 is a homologue of RICTOR, Avo1 is a homologue of mSIN1, Bit61 and 
Bit2 are homologous with PROTOR-1 AND PROTOR-2. Both of the TOR complexes share 
some common parts - TOR, Lst8 and in the case of vertebrates also DEPTOR (Gaubitz et al., 
2016). Budding and fission yeast have two TOR paralogs, Tor1 and Tor2. Both can be part of 
TORC1 but only Tor2 is involved in TORC2 in budding yeast. In fission yeast only Tor1 is part 
of TORC2, meaning that budding yeast Tor2 and fission yeast Tor1 are equivalent in their 
functions (Cybulski & Hall, 2009a). 
In S. cerevisiae TORC1 is localized on the vacuolar membrane and is regulated in 
response to carbon, nitrogen and phosphate availability and also to stress conditions. Among 
the major upstream TORC1 regulators is the EGO complex, which is a protein complex sensing 
amino acid levels. TORC1 also regulates itself by feedback loops. The major downstream 
effector branches of TORC1 signalling are Sch9 and Tap42-PP2A pathways. These two 
pathways control protein synthesis, cell size, cell cycle progression, nutrient uptake, cell-wall 
integrity pathway, life span and autophagy (Loewith & Hall, 2011).  
 
 
Figure 1: (A) Conserved domain structure 
of TOR from S. cerevisiae. (B) Composition 
of TOR complex 1. TORC1 is   2̴ MDa in size 
and contains Kog1, Tco89, Lst8, and either 
TOR1 or TOR2. (C) Composition of TOR 
complex 2. TORC2 is 2̴ MDa in size and 
contains Avo1, Avo2, Avo3, Bit61, and/or 
its paralog Bit2, Lst8, and TOR2 but not 
TOR1 (taken from Loewith & Hall, 2011). 
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Budding yeast TORC2 can be found near or at the plasma membrane and probably other 
unspecified subcellular localizations. One of its major substrates seems to be Nip7, a ribosome 
maturation factor. TORC2 is also controlled directly by the ribosome and inhibited by 
environmental stress. Another major TORC2 substrate appears to be Ypk protein kinase 
responsible for polarization of the actin cytoskeleton and sphingolipid biosynthesis (Loewith & 
Hall, 2011). 
mTORC1 senses growth factors, energy status, oxygen and amino acids, and acts to 
regulate many processes involved in the control of cell growth and metabolism (Laplante et al., 
2009). mTORC1 is affected by growth factors such as insulin and insulin-like growth factor 
through phosphoinositide 3-kinase (PI3K)-AKT-Tuberous sclerosis (TSC)-RHEB signalling. 
Amino acids activate mTORC1 signalling through the Rag family of GTPases, which promotes 
mTORC1 translocation to the lysosome, where it is activated by RHEB. Stress such as hypoxia, 
DNA damage also influence mTORC1 through TSC1/2. Activated mTORC1 induces protein 
synthesis via its major downstream effectors the ribosomal S6 kinase (S6K) and the inhibitory 
eIF4E-binding proteins (4E-BPs), which subsequently promote translation initiation and 
elongation through ribosomal protein S6 (S6K1), protein synthesis initiation factor 4B (eIF4B), 
and elongation factor 2 kinase (eEF2K) (Mao & Zhang, 2018). 
mTORC2 responds to growth factors and regulates cell survival, cell metabolism, and 
cytoskeletal organization (Laplante et al., 2009) mTORC2 is activated by the growth factors 
such as insulin and IGF too, but is insensitive to the nutrients. Activated mTORC2 
phosphorylates AKT from AGC kinase family, AKT phosphorylates TSC2, the upstream 
inhibitor of mTORC1, so that activation of mTORC2 inactivates mTORC1. It also works the 
other way around, mTORC1 can phosphorylate mSIN1 via S6K axis and inactivate mTORC2 
(Mao & Zhang, 2018). 
Besides other TORC functions, it also seems to regulate autophagy and surprisingly 
lipid metabolism. TORC1 inhibits autophagy by direct phosphorylation of Atg13, which is 




Figure 2: Overview of the mTOR signalling pathway. The mTOR kinase nucleates two  
characterized protein complexes termed mTORC1 and mTORC2 (taken from Laplante et al., 2009). 
 
5. Lipid accumulation 
Most cells are able to store neutral lipids in their cytoplasm in the form of dynamic 
organelles called lipid droplets or also lipid bodies or lipid particles. Lipid droplets (LD) consist 
of a phospholipid monolayer surrounding its hydrophobic core, creating a barrier to delimit it 
from the aqueous environment of the cytosol. The hydrophobic core contains mainly sterol 
esters (SE) and triacylglycerols (TAG); the ratio between SE and TAG depends on the cell type. 
Besides SE and TAG, retinyl esters, wax esters, ether lipids and long-chain isoprenoids can be 
found in LDs (Walther & Farese, 2012). LD’s foremost function is to store energy and building 
blocks for membrane assembly, but it also has other important functions such as lipid synthesis, 
protection from lipotoxicity, protein storage, inflammatory response and viral replication 
(Bozza & Viola, 2010; Walther & Farese, 2012). These other functions are allowed by proteins 
associated with LDs, such as DGAT2, diacylglycerol O-Acyltransferase 2, which participates 
in TAG synthesis. LDs are also interesting as a possible resource for biodiesel production and 




TAGs are synthetised from free fatty acids (FFA) and glycerol-3-phosphate. TAG 
synthesis occurs principally in the adipose tissue, but also in the liver, muscle, heart and 
pancreas. FFAs for TAG synthesis derive either from the diet, peripheral lipolysis or de novo 
lipogenesis. De novo lipogenesis appears mostly in the livers after carbohydrate intake. 
Lipogenesis is controlled by hormones including insulin that stimulates lipid synthesis and 
adipogenesis (Saponaro et al., 2015). 
 
 
Figure 3: Schematic representation of lipolytic and lipogenic pathways (taken from Saponaro et al., 
2015). 
 
5.1. Lipid accumulation caused by rapamycin 
Rapamycin is a specific antifungal inhibitor produced by the bacteria Streptomyces 
hygroscopicus, which binds to its intracellular receptor FKBP12 and directly inhibits the kinase 
activity of TORC1 (Caron et al., 2015). However, in some mammalian cell types rapamycin 
also seems to inhibit TORC2 upon long-term application because it prevents TORC2 assembly 
(Cybulski & Hall, 2009b). Treatment with rapamycin shows some symptoms similar to nutrient 
starvation, such as G0 arrest, growth inhibition, induction of autophagy and decrease in protein 
synthesis. Rapamycin also has immunosuppressive effects, which is why it is used preventively 
for transplant patients. Rapamycin is also used as a treatment of advanced kidney cancer 




5.1.1. Lipid accumulation in unicellular organisms 
 Saccharomyces cerevisiae cells treated with rapamycin accumulate LDs by activating 
lipogenic phase, blocking lipolysis, and synthesising TAG but not SE. This effect is mediated 
by the Tap42-PP2A effector branch of TORC1 (Madeira et al., 2015). Activated TORC1 
phosphorylates and binds Tap42 in complexes with PP2A and Sit4, which is a PP2A-like 
protein phosphatase. These complexes are located at the endosomal/vacuolar membrane and in 
this state are inactive. Upon rapamycin treatment or starvation, the complexes are released to 
the cytoplasm, where they act to dephosphorylate transcription factors Gln3 and Gat1. Gln3 
and Gat1 are then relocated from the cytoplasm to the nucleus. Gln3 and Gat1 participate as 
transcriptional activators of genes for usage of poor nitrogen sources in nitrogen catabolite 
repression, a pathway regulating utilization of nitrogen sources (Broach, 2012). Rapamycin 
treatment does not affect LD accumulation in gln3∆ and gat1∆ strains. In sit4∆ strain the LD 
accumulation caused by rapamycin is partially suppressed (Madeira et al., 2015). 
It was further found, that Saccharomyces cerevisiae TORC1 also impacts on Rtg1 and 
Rtg3 transcription factors, members of the retrograde pathway (Komeili et al., 2000). The 
retrograde pathway is involved in transcriptional changes which are driven by the mitochondria. 
Mitochondrial dysfunctions are signalled to the nucleus to induce an appropriate transcriptional 
response. Mitochondria produces  amino acid precursors, so the  mitochondrial dysfunction is 
signalled by changes in glutamate or glutamine levels. This signal indirectly affects the 
localization of Rtg1 and Rtg3, which are allowed to the nucleus (Loewith & Hall, 2011). Rtg1 
and Rtg3 are relocated into the nucleus as a result of rapamycin addition (Komeili et al., 2000). 
LD accumulation caused by rapamycin is not induced in rtg1∆ and rtg3∆ strains (Madeira et 
al., 2015).  
Another protein important for lipid metabolism is Pah1, a yeast lipin homologue (Csaki 
& Reue, 2010), which encodes phosphatidic acid phosphohydrolase 1. Pah1 is important to 
generate diacylglycerol for the TAG synthesis (Olzmann & Carvalho, 2019), and for the 
biogenesis of LDs (Adeyo et al., 2011). Fission yeast TORC1 inhibition by rapamycin does not 
induce TAG accumulation in pah1∆ strain. TORC1 controls Pah1 via the Nem1-Spo7 
phosphatase complex (Dubots et al., 2014).  
Acyl-CoA:diacylglycerol acyltransferase Dga1 is also necessary for the TAG 
accumulation induced by rapamycin in yeast (Dubots et al., 2014; Madeira et al., 2015). Dga1 




5.1.2 Lipid accumulation in mammals 
Rapamycin was found to cause lipid accumulation not only in unicellular organism, but 
also in mammals. Rapamycin causes hyperlipidemia in kidney transplant recipients and in 
animal models (Aggarwal et al., 2006; Lopes et al., 2014; Morrisett et al., 2003). In guinea pigs 
treated with rapamycin an increase in the concentration of  plasma TAG, FFA, as well as 
increased TAG and cholesterol in the aorta were observed. In agreement with that, very low 
density lipoprotein (VLDL) and low density lipoprotein (LDL) particles isolated from these 
guinea pigs were bigger in size than the particles from non-treated animals (Aggarwal et al., 
2006). The VLDL and LDL particles contain TAG circulating in the blood plasma (Saponaro 
et al., 2015). The  increase in size was caused by the fact that the VLDL and LDL particles 
carried more TAG molecules (Aggarwal et al., 2006). Upon rapamycin treatment rats increase 
lipolysis in adipose tissue and decrease adipose storage, but ectopically accumulate lipids in 
muscle and liver (Lopes et al., 2014). 
 
5.2. Lipid accumulation upon nitrogen depletion 
 The fatty acid profile under the nitrogen limitation is similar to that caused by rapamycin 
treatment, so it is not very surprising that lipid accumulation occurs too. However, the increase 
in the lipid accumulation under the nitrogen limited conditions is comparatively bigger and a 
reduction in growth occurs (Bracharz et al., 2017). The lower the concentration of nitrogen in 
the medium is, the more lipids are accumulated by the oleaginous yeast (Han et al., 2016).  
Microalgae Symbiodinium and Chlamydomonas reinhardtii were also proved to 
accumulate lipids in nitrogen limited environment, specifically TAGs and SEs in the form of 
LDs. After re-addition of nitrogen, the level of accumulated lipids decreases. One of the protein 
kinases regulating lipid metabolism and accumulation is DYRKP. DYRKP works as a negative 
regulator of lipid accumulation in green microalgae (Jiang et al., 2014; Roustan et al., 2017; 
Schulz-Raffelt et al., 2016). DGAT1, DGTT1 and PDAT1 genes encoding acyltransferases, 
responsible for TAG biosynthesis, show increased expression in nitrogen deprived conditions. 
(Boyle et al., 2012; Schmollinger et al., 2014; Walther & Farese, 2012). Active TORC1 
mediates phosphorylation of its downstream substrate EIF4B, a protein synthesis initiation 
factor (Mao & Zhang, 2018). Thus, the decreasing phosphorylation level of EIF4B during 
nitrogen depletion is a sign of TOR inactivation. However, Atg13 phosphorylation was 
increasing during nitrogen depletion (Roustan et al., 2017). Atg13 is a direct phosphorylation 
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target of TORC1 and part of the Atg1 complex, which is essential for the induction of autophagy 
(Broach, 2012). These data suggest a more complicated  regulatory mechanism, possibly 
involving the PP2A branch of TORC1 signalling (Roustan et al., 2017). 
 
5.3. Lipid accumulation caused by TORC1 activation 
 Surprisingly, not only mTORC1 inhibition, but also its activation promotes lipid 
accumulation, specifically de novo lipogenesis, intracellular accumulation of TAG, and 
suppresses lipolysis. mTORC1 controls lipolysis by suppressing the expression of ATGL and 
HSL lipases (Partha Chakrabarti et al., 2010), which are involved in the hydrolyzation of fatty 
acids. ATGL, adipose triglyceride lipase, catalyses the initial step of lipolysis, converting 
triglycerides to diacylglycerols, while HSL, hormone sensitive lipase, catalyses the second step 
of lipolysis, which is conversion of diacylglycerols to triacylglycerols (Caron et al., 2015; 
Walther & Farese, 2012). mTORC1 control of ATGL is mediated via Egr1, early growth 
response protein 1. Egr1 directly inhibits the expression of ATGL (P. Chakrabarti et al., 2013). 
Pigs exposed to a high concentration of atmospheric ammonia accumulate lipids in 
skeletal muscle. Genes involved in lipid synthesis and uptake were up-regulated, while genes 
involved in lipolysis and beta-oxidation were downregulated. Ammonia exposure leads to 
synthesis of branched chain amino acids and aromatic amino acids, which leads to mTOR 
activation (Caron et al., 2015; Tang et al., 2020). 
One way of how TORC1 promotes lipid accumulation is through SREBPs. Sterol 
regulatory element-binding proteins is a family of transcriptional factors that controls 
expression of lipogenic genes and therefore lipid homeostasis (Caron et al., 2015). Another 
protein involved in lipid metabolism is Lipin 1, which is a phosphatidic acid phosphatase and 
participates in TAG synthesis (Csaki & Reue, 2010).  mTORC1 phosphorylates lipin 1 and 
controls its localization in the cell (Peterson et al., 2011). When mTORC1 is active, lipin 1 is 
phosphorylated and stays in the cytoplasm. When mTORC1 is inhibited, lipin 1 localizes to the 
nucleus and blocks transcriptional activity of SREBP (Peterson et al., 2011). This way 
mTORC1 positively controls transcription of genes involved in de novo lipogenesis and sterol 
biosynthesis (Caron et al., 2015; Peterson et al., 2011).  
SREBP1, member of the SREBP family, is a master transcription regulator of de novo 
lipogenesis. S6K1 is a kinase directly phosphorylated by mTORC1 and it is also involved in 
protein synthesis (Caron et al., 2015) TORC1 phosphorylates S6K1, which promotes the 
processing of SREBP1 through an unknown mechanism (Düvel et al., 2010).  
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Another way of lipid accumulation by TORC1 is via the Akt/mTOR pathway, with 
ribosomal protein S6 as the major downstream target of mTORC1 (Calvisi et al., 2011). Protein 
kinase B (Akt) is activated by insulin via its cell surface receptor PI3K. When active, Akt 
activates mTORC1 by inhibiting proline-rich Akt substrate 40kDa (PRAS40) and tuberous 
sclerosis 1/2 (TSC1/2), which are both negative regulators of mTORC1 (Bakan & Laplante, 
2012). S6K1 is part of the 40S subunit of eukaryotic ribosomes and it upregulates protein 
synthesis (Mok et al., 2013). The Akt/mTORC1 pathway controls lipogenesis via both 
transcriptional and post-transcriptional mechanisms. Akt suppresses ubiquitination of SREBPs 
and thus decreases their proteasome degradation (Calvisi et al., 2011). Silencing of SREBPs 
blocks Akt-dependent lipogenesis and active TORC1 is necessary for SREBP1 nuclear 
accumulation (Porstmann et al., 2008). 
Another example is that peripheral nervous system myelination is controlled by the 
mTORC1-RXRƳ-SRBP axis. Nuclear retinoid X receptor Ƴ (RXRƳ) is controlled by 
mTORC1 and  activates the promoter of SREBP1. Active mTORC1 is required for proper lipid 
biosynthesis in Schwann cells (Norrmén et al., 2014). 
In macrophages, leptin triggers biosynthesis of LDs (Maya-Monteiro et al., 2008). 
Leptin is a proinflammatory cytokine produced by adipocytes and is involved in the regulation 
of food intake (Saponaro et al., 2015). LD accumulation triggered by leptin is mediated by the 
activation of the PI3K/mTOR pathway. Activated mTORC1 phosphorylates its downstream 
targets S6K1 and 4EBP, which activate the translation initiation (Maya-Monteiro et al., 2008). 
Phosphorylated 4EBP promotes protein synthesis when TORC1 is activated by growth factors 
or amino acids (Laplante et al., 2009).  
 
5.4. Lipid accumulation caused by TORC2 inhibition 
 Not only TORC1 inhibition, but also TORC2 inhibition causes lipid accumulation. 
Mutations in Rictor, a component of TORC2, cause an increase in accumulated body fat in 
Caenorhabditis elegans. These mutations are thought to be loss-of-function mutations. Besides 
higher TAG accumulation, rictor mutants are smaller in body size, developmentally delayed 
and have short life span. In adult animals, Rictor is mostly expressed in head neurons and 
intestine. TORC2 regulates accumulation of fat through SGK1 (Jones et al., 2009) and AKT 
kinases (Soukas et al., 2009). Both AKT and SGK1, serum- and gluco-corticoid-induced protein 
kinase 1 , are members of the ACG kinase family and downstream effectors of TORC2 




6. Decrease in lipid content 
 Decreasing lipid content is connected to lipolysis and β-oxidation. Lipolysis is a 
catabolic pathway, that comprises the hydrolysis of TAG by lipases into fatty acids and 
glycerol. Fatty acids and glycerol are eventually released into the plasma to circulate. Excess 
lipolysis  can lead to high free FFA flux into the liver and subsequently lipotoxicity. β-oxidation 
is a pathway that produces energy from the TAG hydrolysis for homeostasis of cells and tissues. 
It takes place in the mitochondria and produces acetyl-CoA. The oxidation of fatty acids is 
elevated during fasting and starvation (Saponaro et al., 2015). 
 
6.1. Decrease in lipid content caused by nitrogen replenishment 
 Induced lipid accumulation is completely reversible after nitrogen replenishment in 
green microalgae. This effect is caused by quick activation of β-oxidation pathways (Roustan 
et al., 2017; Valledor et al., 2014). In yeast, genes involved in lipid biosynthesis are 
downregulated after nitrogen repletion (Tesnière et al., 2019). 
 
6.2. Decrease in lipid content caused by TORC1 inhibition 
 Quite controversially, TORC1 inhibition can cause both lipid accumulation and its 
decrease. In mammals, activation of de novo lipid synthesis requires mTORC1 function. 
Inhibition of mTORC1 blocks accumulation of fatty acids as well as phosphatidylcholine and 
phosphatidylglycerol levels. Both de novo lipid synthesis and accumulation of fatty acids are 
dependent on Akt activity (Porstmann et al., 2008). Rapamycin treatment and amino acid 
deprivation upregulate genes involved in fatty acids oxidation and downregulate genes involved 
in de novo biosynthesis of lipids (Peng et al., 2002).  
 Increased β-oxidation both in vivo and in vitro in skeletal muscle cells corresponds with 
elevated activity of CPT I and CPT II (Sipula et al., 2006). CPT I, carnitine palmitoyl transferase 
I, catalyses the transfer of the acyl group of a long-chain fatty acyl-CoA to carnitine to form 
acylcarnitine, this step enables acyl-CoA to enter the mitochondria. CPT II, carnitine palmitoyl 
transferase II, reconverts acylcarnitine in acyl-CoA and carnitine, then acyl-CoA enters β-
oxidation (Saponaro et al., 2015). Elevated level of lipolysis is also caused by the increased 
expression of ATGL in both white and brown adipose tissue in vitro, while the expression of 
HSL is not affected by rapamycin treatment (Partha Chakrabarti et al., 2010). 
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 Similar effect was also observed in the primary cultures of rat hepatocytes. Cells treated 
with rapamycin increased oxidation of exogenous fatty acids, esterification of exogenous fatty 
acids and  reduced de novo lipid synthesis. There was a significant decrease in the expression 
of ACC (Brown et al., 2007). ACC, acetyl-CoA carboxylase, converts acetyl-CoA to malonyl-
CoA. This is one of the steps in de novo lipogenesis (Saponaro et al., 2015). Expression of 
glycerol phosphate acyltransferase, GPAT, was also decreased (Brown et al., 2007). GPAT is 
involved in TAG synthesis (Saponaro et al., 2015). 
 
7. Adipocyte differentiation 
 Adipogenesis consists of two phases. During the first phase called determination, cells 
commit to differentiation from multipotent mesenchymal stem cells to pre-adipocytes. The 
second phase, known as terminal differentiation, includes transfer of the pre-adipocytes to 
mature adipocytes. Adipogenesis is driven by a temporally regulated set of gene-expression 
events. Peroxisome proliferator-activated receptor γ, PPARγ, is a crucial transcription factor, 
its expression is necessary and sufficient for adipogenesis. SREBP1c functions as a pro-
adipogenic transcription factor that induces PPARγ expression. CCAAT/enhancer-binding 
protein-α, C/EBPα, is another transcription factor, that directly induces many adipocyte genes. 
(Rosen & MacDougald, 2006). 
Rapamycin inhibits adipocyte differentiation by decreasing the adipogenesis and 
lipogenesis. Rapamycin treatment downregulates expression of most adipocyte marker genes, 
such as PPARγ and SREBP1c. It was also found that constitutive mTOR activation is necessary 
for adipogenesis (Bell et al., 2000; Cho et al., 2004). 
 The precise mechanism of the adipogenesis inhibition by rapamycin is that it directly 
targets the transactivation activity of PPARγ, which is necessary for  the positive transcriptional 
feedback control of C/EBPα expression and the adipogenic gene expression program. PPAR-γ 




Pathways of nitrogen metabolism influences the lipid metabolism based on nitrogen 
intake, mainly through the TOR pathway. The connection between nitrogen and lipid 
metabolism is regulated through various mechanisms, for example via Kes1, an oxysterol-
binding protein (Caron et al., 2015; Mousley et al., 2012). It has been also discovered that not 
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only the nitrogen availability, but also its form determines lipid droplet formation in fission 
yeast (Zach et al., 2018). 
 
Figure 4: Proposed scheme of integration between lipid and nitrogen mechanism mediated by Kes1. 
(A) Membrane trafficking through a signalling TGN/endosomal compartment is defined by Sec14-
regulated production of PtdIns-4-P countered by Kes1- mediated PtdIns-4-P sequestration. Degree of 
sequestration is set by PtdIns-4-P-mediated recruitment of Kes1 to TGN/endosomal membranes, and 
released by binding of the membrane-bound Kes1 to active sterol. (B) Kes1-mediated trafficking defects 
reduce efficiency of amino acid and NH4+ permease delivery to the plasma membrane. The incipient 
nitrogen stress results in reduced TOR activity and engagement of the early stages of the GAAC 
(phosphorylation of eIF2a). Efficiency of the terminal stages of the GAAC is determined by potency of 
Gcn4 antagonism levied by activity of the large SRB Mediator complex. (C) Potency of a Kes1-mediated 
trafficking arrest/delay sets the amplitude of TGN/endosomal production of SL available for nuclear 
signalling. SL* denotes a sphingolipid with signalling power (e.g., ceramide) produced in 
TGN/endosomal compartments. The potency of SL* signalling is directly proportional to Kes1 activity, 
and inhibits transcription initiation/elongation of genes loaded with Gcn4 and RNA polymerase II via 
action of the CDK8 module of the large SRB Mediator complex. SL* signalling foils the GAAC and 
induces cells to enter a metabolically coherent quiescence with properties of post mitotic cell physiology 
(taken from Mousley et al., 2012).  
 
Although the TOR pathway is quite well conserved among the eukaryotic organisms, its 
effects on lipid metabolism differ a lot. TORC1 inhibition causes lipid accumulation in the 
unicellular organisms, but in the cells of multicellular organisms, it causes lipid reduction 
(Laplante et al., 2009; Madeira et al., 2015). In theory, this could be because, unlike the 
multicellular organisms, unicellular organisms can not rely on other cells, so they need to 
14 
 
accumulate storage lipids in the times of nitrogen deficiency. This would be in agreement with 
the fact, that S. cerevisiae cells consume glycogen in proper growth conditions to grow rapidly, 
but store glycogen during nutrient limitation (François & Parrou, 2001; Madeira et al., 2015). 
Another explanation could be that LDs in mammals have besides its common role as 
lipid storage also some extra roles, such as  immune response and viral replication (Madeira et 
al., 2015; Walther & Farese, 2012).  
However, even more striking is the fact, that lipid accumulation is caused by both 
activation and inhibition of mTORC1 in mammals. The inhibition of TORC1 causes 
hyperlipidemia in long-term usage, but in skeletal muscle, adipose tissue and hepatocytes under 
the rapamycin treatment increased β-oxidation was found. This means, that the other tissues 
react on the rapamycin treatment oppositely in long-term, so that the direct effects on skeletal 
muscle, adipose tissue and hepatocytes are masked. It has been proposed, that the observed 
hyperlipidemia is rather a result of delayed peripheral clearance. It should be also considered 
that rapamycin inhibits TORC2 in long-term usage. Further research needs to be done on this 
matter (Brown et al., 2007; Partha Chakrabarti et al., 2010; Cybulski & Hall, 2009a; Morrisett 
et al., 2003; Sipula et al., 2006). 
 
9. Conclusion 
Nitrogen and lipid metabolism need to be connected to keep the cells alive. Nitrogen 
intake influences lipid metabolism and lipid accumulation, especially through the TOR 
pathway. The TOR pathway is a highly conserved pathway among the eukaryotic organisms, 
widely known to regulate various cellular cues in response to nitrogen and amino acid 
availability. Among other, the TOR pathway also controls lipid metabolism and therefore lipid 
accumulation. Despite the conservation of the TOR pathway, its outputs based on the same 
inputs differ considerably among organisms and even cell types. There is still a lot to be 
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